Malignant melanoma is an aggressive cancer known for its notorious resistance to most current therapies. The basic helix-loop-helix microphthalmia transcription factor (MITF) is the master regulator determining the identity and properties of the melanocyte lineage, and is regarded as a lineage-specific 'oncogene' that has a critical role in the pathogenesis of melanoma. MITF promotes melanoma cell proliferation, whereas sustained supression of MITF expression leads to senescence. By combining chromatin immunoprecipitation coupled to high throughput sequencing (ChIP-seq) and RNA sequencing analyses, we show that MITF directly regulates a set of genes required for DNA replication, repair and mitosis. Our results reveal how loss of MITF regulates mitotic fidelity, and through defective replication and repair induces DNA damage, ultimately ending in cellular senescence. These findings reveal a lineage-specific control of DNA replication and mitosis by MITF, providing new avenues for therapeutic intervention in melanoma. The identification of MITF-binding sites and generegulatory networks establish a framework for understanding oncogenic basic helix-loop-helix factors such as N-myc or TFE3 in other cancers.
Introduction
Micropthalmia transcription factor (MITF) is a basic helix-loop-helix protein that is the master regulator determining the identity and properties of the melanocyte lineage (Goding, 2000a, b) . The MITF locus encodes multiple isoforms from alternate splicing and use of internal promoters (Steingrimsson, 2008) . The MITF-M isoform (hereafter designated simply as MITF) is the major form produced specifically in the melanocyte lineage from an intronic promoter (Goding, 2000b) . MITF is essential for the survival of melanoblasts and postnatal melanocytes (McGill et al., 2002; Hou and Pavan, 2008) , in which it also controls the expression of genes required for the melanin synthesis (Bertolotto et al., 1998) . In addition to regulating multiple aspects of normal melanocyte function, MITF also has a critical role in melanoma, in which it is required for survival, and controls the proliferation, invasive and metastatic properties of melanoma cells (Garraway et al., 2005a, b; Goodall et al., 2008; Pinner et al., 2009) . Primary and metastatic melanoma lesions comprise populations of cells expressing high and low MITF levels. Cells expressing low levels of MITF show high levels of the POU3F2 (BRN2) transcription factor that binds to the MITF promoter and represses its transcription (Goodall et al., 2008; Kobi et al. 2010) . These cells show reduced proliferation, but enhanced motility and invasiveness, whereas higher levels of MITF are associated with enhanced proliferative capacity. Melanoma cells seem to switch between these two states during tumour progression (Hoek et al., 2008a) . Recently, it has also been shown that sustained MITF suppression triggers senescence of melanoma cells (Giuliano et al. 2010) . Hence, depending on its expression level, MITF can have pro-or anti-proliferative effects.
To better understand the function of MITF in melanoma and to more generally define the molecular basis of its function in the melanocyte lineage, we have performed chromatin immunoprecipitation coupled to high throughput sequencing (ChIP-seq) experiments in human 501Mel cells and RNA sequencing (RNA-seq) following small interfering RNA (siRNA)-mediated MITF knockdown. Our results show direct MITF regulation of an extensive set of genes required for DNA replication, repair and mitosis. This lineage-specific control of replication and mitosis explains how MITF promotes melanoma proliferation, and suggests a mechanism by which diminished MITF expression in melanoma lesions may favour genomic instability and the emergence of more aggressive metastatic cells.
Results

Identification of MITF-binding sites in human 501Mel cells
Human 501Mel cells are considered as having a high proliferative, low invasive phenotype in vitro, are poorly tumourigenic when injected subcutaneously in nude mice and express high levels of MITF (Moore et al., 2004; Goodall et al., 2008 ; and see Supplementary Figure 1A , lane 1). To facilitate ChIP-seq in these cells, we generated clonal lines expressing 3 Â hemagglutinin (HA)-tagged MITF at levels comparable with the endogenous (Supplementary Figure 1A) . Anti-HA ChIPquantitative PCR (qPCR) showed MITF occupancy of three previously identified binding sites in the promoters of the tyrosinase (TYR; Bentley et al., 1994) , hypoxia inducible factor 1a (HIF1A; Busca et al., 2005) and RAB27A (Chiaverini et al., 2008) genes, but not at the protamine 1 (PRM1) promoter used as a negative control (Supplementary Figure 1B) . Although the anti-HA ChIP showed strong enrichment only in the cells expressing the tagged MITF, polymerase II (Pol II) was observed at the TYR, HIF1A and RAB27A, but not the PRM1 promoters in both the tagged and native 501Mel cells (Supplementary Figure 1C) .
Having demonstrated the specificity of the anti-HA ChIP, we then performed anti-HA ChIP-seq on the tagged and native 501Mel cells along with ChIP against Pol II and mono-and tri-methylated lysine 4 of histone H3. After peak detection and annotation (Experimental procedures in Supplementary Information), 1 2139 MITF-occupied loci were identified (see Supplementary Table 1 showing the genomic localisation of the MITF occupied sites and their nearby transcripts). Of these, 9447 sites were located within ± 20 kb of annotated RefSeq genes, 43% of which were located within À5/ þ 10 kb of annotated transcription start sites ( Figure 1a ). Promoter proximal MITF-binding sites are not randomly located within the À5 to þ 2kb region, but are preferentially located around 150 bp upstream of the transcription start site, a region that is often nucleosome free in active promoters (Figure 1b ). Amongst 1000 highly occupied loci, 822 comprised one or several E-boxes of the type 5 0 -CACGTG-3 0 or 5 0 -CATGTG-3 0 , showing that these are preferred sequences, but only four examples of the 'M-box' (5 0 -AGTCATGTGCT-3 0 ; Bertolotto et al., 1998) were observed (see Supplementary Table 2 showing the locations of the E-box sequences at these loci).
A global analysis of the ChIP-seq data using read density matrix clustering based on the coordinates of 1 2139 MITF-occupied loci indicated that around 20% of the MITF-occupied sites were located at promoters with high Pol II and H3K4me3 (Figure 1c) . The remaining sites were located either at repressed promoters or distant intergenic regulatory regions. As expected, there was a high convergence of Pol II and H3K4me3 that were both present at essentially the same set of transcription start sites. MITF occupancy seen in ChIP-seq could be confirmed by ChIP-qPCR at a set of known and novel target loci (Figure 1d and see below).
MITF occupies sites at 5578 potential target genes, of which 2771 genes have occupied sites in the proximal promoter (À5/ þ 2kb) and 1743 genes in the immediate upstream region (À1000/ þ 100 bp; Supplementary Table  1) . We observed MITF occupancy of previously identified target genes involved in pigmentation (TYR, DCT), apoptosis (BAX, BIRC7; Dynek et al., 2008) , cell cycle (cyclin-dependent kinase 4, cyclin-dependent kinase 2; Du et al., 2004) and transformation (MET; Beuret et al., 2007) . At some genes, the major MITF-occupied site does not correspond to that previously described. For example, there is little or no occupancy of the previously described proximal promoter sites in the BCL2 and DIAPH1 genes (McGill et al., 2002; Carreira et al., 2006) , but MITF rather occupies several intronic sites, including major sites towards the 3 0 end of the gene (Supplementary Table 1 , Supplementary Figure 2B and data not shown). However, we do not see occupancy of the DICER1 promoter that has recently been shown to be a MITFtarget gene in melanocytes (Levy et al., 2010) , suggesting that the repertoire of MITF-occupied genes may differ in melanocytes and melanoma cells. Together these results indicate that MITF occupies a large set of loci and can potentially regulate many target genes.
Identification of MITF-regulated genes in 501MEL cells
To determine which of the potential target genes are regulated by MITF, we used two previously described siRNA sequences to knockdown MITF expression in 501Mel cells (Figure 2a ). MITF knockdown resulted in a profound morphological change (Carreira et al., 2006) and entry into a senescent state characterised by activation of the DNA damage response, the appearance of senesence-associated heterochromatic foci and b-galactosidase staining (Giuliano et al., 2010; and Figure 3) . Both the senescence-associated heterochromatic foci and b-galactosidase activity were prominent in the siMITF-knockdown cells that had altered morphology, but not in the control siluciferase (siLUC) cells or in the fraction of siMITF cells that had escaped transfection and did not show the characteristic morphological changes.
To understand how loss of MITF leads to senescence, we performed 3 0 -end sequencing of RNA from siMITF and control siLUC cells (see Supplementary Table 3 showing the quantitated mRNA expression levels under both conditions and the genes deregulated on MITF knockdown). Comparison of the data sets identified 732 upregulated and 613 downregulated transcripts showing a greater than twofold change (Supplementary Table 3 ). Upregulated transcripts are primarily associated with ontology terms, such as cytoplasm, signal and cytoskeleton, and cell adhesion and cancer signalling pathways reflecting the changes in cell morphology, and the increased motility and invasiveness of cells with diminished MITF expression (Figures 2b and c and see Supplementary Tables 4 and 5 showing the genes and pathways identified by gene ontology analysis).
In contrast, downregulated transcripts are associated with nucleus, cell cycle, DNA replication and repair and mitosis. The up-and downregulated genes, therefore, reflect distinct functional categories. The changes in expression of novel MITF-target genes was also demonstrated by reverse transcriptase-qPCR in independent RNA preparations with in general a good correlation with the RNA-seq data (Figure 2d ). Although MITF has previously been considered to be an activator, the observation that many occupied genes are upregulated on MITF knockdown shows that it may function as a repressor at some promoters (see also Supplementary Figure 3) .
Comparison of the RNA-seq and ChIP-seq results showed that of the 732 upregulated genes, 225 were obvious direct targets with associated MITF-occupied sites, whereas 240 downregulated genes were direct targets (Figure 2e and Supplementary Table 3) . Hence, only a subset of MITF-bound promoters was deregulated on MITF silencing. Further comparison with data on more than 6000 genes induced on MITF over-expression by Hoek et al., 2008b indicated that 1455 were direct MITF targets (Figure 2e and Supplementary  Table 3) . Similarly, Hoek et al. identified a further 110 genes whose expression correlates closely with that of MITF in melanoma cells of which 90 are direct targets (Figure 2e ).
Together these results identify a set of genes that can be directly regulated by loss and/or gain of MITF function in melanoma cells.
MITF regulates genes required for DNA replication As previously reported, and as shown above, loss of MITF activates the DNA damage response and promotes entry into a senescent state. In accordance with this observation, siMITF silencing resulted in downregulation of at least 31 genes involved in DNA replication, recombination and repair (Figure 4) (Tomkinson and Mackey, 1998; Bentley et al., 2002) . Similarly, genes encoding DNA replication licensing factor MCM2 and the origin recognition complex subunit 6 (ORC6L) comprise MITF-occupied sites in their proximal promoters and are repressed on MITF silencing ( Figure 4 ). Furthermore, genes encoding crossover junction endonuclease EME1 (Abraham et al., 2003) , the replication/repair proteins BRCA1 and FANCA are all closely associated with MITFoccupied sites (Figure 4 ). These genes encode proteins with well established and interconnected functions in DNA replication, repair and genomic stability (Wang, 2007) .
Telomerase reverse transcriptase is required for the proper replication of telomeres and is frequently expressed in human tumours, but not in normal somatic cells (Kim et al., 1994; Rudolph et al., 1999; DePinho, 2000, 2010) . RNA-seq and reverse transcriptase-qPCR show that TERT is expressed in 501Mel cells and is strongly downregulated on MITF knockdown (Figure 2d) . Examination of the TERT locus shows H3K4 trimethylation and Pol II occupancy, and reveals a MITF-occupied E-box located in the 5 0 -untranslated region (Supplementary Figure 4B and C) .
To assess the roles of TERT and LIG1 in 501mel cells, we performed siRNA-mediated knockdown (Figure 5a ). Loss of either of these proteins led to a significant reduction in cell proliferation (data not shown), but did not induce the same striking morphological changes seen on siMITF (Figure 5b ). SiTERT led to the accumulation of distinct populations of slim bipolar or rounded flattened cells, whereas siLIG1 induced the appearance of rounded cells with prominant cytoplasmic prolongations, similar but not identical to siMITF. SiRNA knockdown of TERT or LIG1 also results in activation of the DNA damage response (Figure 5c ). Together these observations show that MITF directly regulates the expression of LIG1, TERT and a collection of replication genes required for normal melanoma cell proliferation.
MITF regulates genes required for normal mitosis
In addition to the genes involved in DNA replication, we further identified a set of 39 genes involved in centromere organization, and mitosis that are downregulated on MITF silencing. Strikingly, MITF occupies sites associated with the CENPF, CENPH and CENPM genes ( Figure 4 ) that are involved in the CENPAnucleosome associated and CENPA-nucleosome distal complexes (Foltz et al., 2006; Carroll et al., 2009) . Moreover, three of the subunits (NUF2, SPC24 and SPC25) of the NDC80 complex that connect kinetochores to the spindle microtubules (Cheeseman et al., 2006) , as well as HAUS8/HICE1 that interacts with this complex (Wu et al., 2008) are all downregulated in siMITF cells. HAUS8 and SPC24 are direct targets with neighbouring MITF-occupied sites, as is CDCA8 encoding the chromosomal passenger complex component Borealin (Figure 4) , and TACC3 whose loss leads to defective abscission and binucleate cells (GomezBaldo et al., 2010) . In addition, we also identified MITF-occupied sites in the promoters of genes encoding the G2-specific cyclins B1 and F (CCNB1, CCNF) that promote entry into mitosis, as well as polo-like kinase 1 (PLK1) required for normal melanoma cell mitosis (Schmit et al., 2009) and the G1/S cyclin D1 (CCND1), a major regulator of cell proliferation. (Figure 4 , and Supplementary Figure 5A and B). Expression of the CCNB1, CCND1 and PLK1 proteins was downregulated on siMITF silencing (Supplementary Figure 5C) .
The downregulation of the above genes has been shown to induce mitotic defects, suggesting that similar effects should be observed on siMITF silencing (Foltz et al., 2006; Ruchaud et al., 2007; Carroll et al., 2009; Neumann et al., 2010) . Immunofluorescence after siLUC showed the formation of normal bipolar spindles as illustrated by the staining of the cytoskeletal microtubule network and mitotic spindle with b-tubulin antibody and highly condensed chromosomes, stained with phosphorylated histone H3Ser10 antibody. During metaphase, chromosomes aligned along the equatorial planes (Figures 6a and h) , whereas anaphase stages displayed correct sister chromatid segregation (Figure 6b ).
Consequently, chromosomes were evenly divided between the poles in telophase midbody stages and cleavage furrow contraction is normally completed (Figures 6b, c and i) .
In contrast, a significant proportion of siMITF cells exhibited mitotic defects (Figure 7) , including several spindle and chromosome segregation defects, such as multipolar spindles with amplified centrosomes (Figure 6d ), monopolar poles (data not shown), abnormal spindle structure with unfocused poles (Figures 6e-g 0 -end RNA-seq following siMITF knockdown are listed along with the fold change in expression. For directly regulated genes, the location and sequence of the most prominent MITF-occupied E-box at each loci are indicated. Genes involved in each function were chosen based on the ontology and pathway analyses described in Figure 2 . Additional genes involved in cell division were identified using the Mitocheck data base (http://www.mitocheck.org). and f), leading to uneven distribution of chromosomes in anaphase (Figure 6g ). Three-dimensional reconstruction of confocal images of siMITF cells clearly showed chromosomes that did not align at the metaphase plate (arrows in Figure 6k ). In addition, chromosome lagging was observed at telophase (Figure 6l ). High magnifica- tion showed the DNA that will likely be excluded from the reforming nuclei of the daughter cells and incorporated into micronuclei (Figure 7b) .
Finally, we also observed significantly increased numbers of cell displaying persistent cytokinetic bridges and unresolved midbodies (Figure 6m , and data not shown). High-magnification views indicated that tubulin did not concentrate at the most apical midbody site between the dividing daughter cells compared with proper localisation observed in control cells (Figure 6j ). Time-lapse video microscopy of melanoma cells transfected either with siLUC or siMITF, and synchronized in S phase with thymidine, revealed that the duration of mitosis was significantly longer in MITF-depleted cells than in siLUC consistent with the presence of mitotic defects (Figure 7d and Supplementary Movies 1 and 2) .
As a result of chromosome lagging and mis-segregation, a significant increase in the percentage of cells with micronuclei that form during mitosis was observed (Figures 6n and o and Figure 7b ). Many of these micronuclei did not contain centromeres (arrows in Figure 6n ), consistent with chromosome fragmentation occurring with anaphase bridging. The appearance of acentric micronuclei has been associated with DNA damage, consistent with the observation that MITF depletion leads to defective replication and repair triggering activation of the DNA damage response (Giuliano et al., 2010 and Figure 5 ).
Discussion
Lineage-specific control of replication, mitosis and genome stability by MITF in melanoma MITF is regarded as a lineage-specific oncogene that has a critical role in the pathogenesis of melanoma. Inhibition of MITF expression/activity has been shown to inhibit melanoma cell proliferation. However, it is not known whether this arrest is reversible, and the molecular mechanisms by which MITF controls cell proliferation and survival remained to be fully elucidated. Understanding the role of MITF in these processes will, therefore, help to clarify whether it is a potential target for therapeutic intervention in melanoma.
It has been proposed that MITF may regulate proliferation via control of cyclin-dependent kinase or cyclin-dependent kinase inhibitor expression (Du et al., 2004; Carreira et al., 2005) . We confirm here that MITF regulates CDKN1B expression. Nevertheless, this does not fully account for the recent finding that MITF silencing causes a robust and irreversible melanoma cell cycle arrest associated with a DNA-damage dependent senescence phenotype (Giuliano et al., 2010) , as CDKN1B is not a major factor in this senescence programme.
The DNA damage reported by Giuliano et al. was proposed to result from mitotic defects, but this required confirmation as no MITF-target genes involved in mitosis have been previously described. Our present results demonstrate that MITF regulates a set of genes required for normal DNA replication, repair and mitosis, showing how MITF bypasses senescence and promotes proliferation. Indeed, ChIP-seq and RNA-seq experiments reveal that MITF directly regulates several proteins involved in DNA replication (LIG1), genome maintenance (TERT, EME1, BRCA1 and FANCA) and kinetochore function (SPC24, proteins of the CENP and chromosome passenger complex). Knockdown of these proteins may result in chromosome congression defects, kinetochore-microtubule attachment errors, lagging chromosome in anaphase and failure in cytokinesis consistent with the defects seen in siMITFknockdown cells (Neumann et al., 2010) . Moreover, downregulation of one component can lead to destabilisation and mislocalisation of other subunits, thereby accentuating genome instability. These observations provide a molecular mechanism by which MITF directly regulates accurate chromosome segregation, in mitosis, and genomic stability and conversely how diminished MITF expression may lead to severe mitotic defects and senescence entry.
In other cell types, analogous DNA replication and mitotic defects often result in apoptosis. However, siMITF knockdown does not promote significant apoptosis, but instead entry into a senescence state that may be linked to the genetic background of melanoma cells, in which anti-apoptotic molecules, such as BCL2, are expressed, whereas the apoptosis effector APAF1 is repressed (Soengas and Lowe, 2003) . The demonstration that an oncogenic transcription factor exerts its proliferative function by directly regulating a broad set of genes required for replication, repair and mitosis represents a unique mechanism of action.
The above observations explain the proliferative properties of MITF-expressing melanoma cells. It is also interesting to note that melanomas are notoriously resistant to chemo-and radiotherapies partly due to high expression of the DNA repair machinery. In line with this, MITF detection after chemotherapy treatment of patients with melanoma has been associated with a significantly lower relapse-free period and overall survival (Koyanagi et al., 2006) . Elevated MITF expression in a sub-population of melanoma cells may confer this resistance through regulation of the repair machinery allowing them to reform tumours following treatment.
At the same time, cells transiently expressing low MITF level have been reported to exhibit low proliferative activity but enhanced motility and metastatic properties (Hoek et al., 2008a) . In agreement with this, RNA-seq identifies MITF-regulated genes that are involved in adhesion, cell morphology motility and metastasis. In addition to DIAPH1-affecting cytoskeleton organisation that is downregulated, the expression of genes influencing metastasis, such as MCAM (Ouhtit et al., 2009) , SHC4 (also known as RaLP; Fagiani et al., 2007) and BMP4 (Rothhammer et al., 2005) , are upregulated. Interestingly, MITF occupies several sites upstream of the SHC4 gene and a site in the first intron of the MCAM gene, and may, therefore, directly downregulate the expression of these genes.
The mechanisms that regulate MITF expression in tumours are not fully understood. However, the transforming growth factor b signalling pathway decreases MITF expression (Kim et al., 2004; Nishimura et al., 2010) and defines a population of cells with low proliferative, but high invasive properties . We note that MITF knockdown upregulates expression of the transforming growth factor b3 ligand suggesting a positive feedback loop that maintains a low MITF pro-tumorigenic state. Furthermore, cells expressing high MITF show low POU3F2 expression and vice versa (Goodall et al., 2008; Pinner et al., 2009) . This is in part explained by POU3F2 binding to the MITF-M promoter that represses its expression (Goodall et al., 2008; Kobi et al. 2010) . However, siMITF also results in a strong increase in POU3F2 expression although there is no MITF-occupied site within 100 kb of the POU3F2 locus (data not shown). There is, therefore, an intricate feedback loop of direct and indirect regulation between MITF and POU3F2 that controls their respective expression. Current models suggest that melanoma development involves the switching of the low-MITF expressing cells back to a proliferative state (Hoek et al., 2008a) . Switching back to the proliferative state is a rare event (Pinner et al., 2009) in agreement with the idea that most of the low MITF cells show extensive DNA damage.
Together our observations allow us to extend the proposed 'rheostat' model for MITF function in melanoma (Carreira et al., 2006 and Figure 8) . MITF promotes proliferation through the activation of the genes encoding the DNA replication and repair machinery, and repression of genes that promote motility and invasion. Moreover, in cells expressing lower levels of MITF, proliferation is reduced and replicative and mitotic fidelity is diminished. The downregulation of replication and mitotic fidelity genes illustrates how lower levels of MITF may promote genomic instability favouring the transition to a more aggressive and invasive state. Under some circumstances, such as that obtained on siRNA silencing, the decrease in MITF levels below a specific threshold leads to severe replication and mitotic defects too severe to be repaired and cells enter in senescence. Therefore, acute MITF inhibition may be helpful in the treatment of melanoma. Our results do not, however, exclude the possibility that in melanoma tumours in vivo, decreased MITF expression could be offset by the upregulation of other pathways that suppress senescence and enable MITFnegative cells to develop and adopt an invasive profile. Similarly, normal melanocyte stem cells have little, if any MITF expression, but do not undergo senescence. It is possible, therefore, that only the combination of MITF depletion together with upregulation of mitogenactivated protein kinase signalling through, for example, activation of BRAF in melanoma, triggers senescence.
Our observations illustrate the concept of 'lineage addiction' (Garraway et al., 2005a) , in which cellular functions that are normally controlled by diverse pathways are regulated in an integrated, coordinate and lineage-specific manner by a single transcription factor, in this case MITF. However, our results show how other oncogenic members of the basic helix-loop-helix family recognising E-box sequences, such as N-myc in neuroblastoma or TFE3 in alveolar soft part sarcoma and renal cell carcinomas may also function through regulation of similar sets of genes to control proliferation and genome stability.
Materials and methods
Transfection and culture of 501Mel cells expressing tagged MITF Cells (501Mel) were cultured in RPMI 1640 medium (Sigma, St Louis, MO, USA) supplemented with 10% foetal calf serum. Cells were transfected with a porcine cytomegalovirusbased vector expressing 3 Â HA-tagged MITF and a vector encoding puromycin resistance. Transfected cells were selected with puromycin, and the expression of MITF verified by western blot using the antibody MITF: ab-1 (C5) from neomarkers or the 12CA5 HA antibody (Roche, Basel, Switzerland). Transient and stable transfections were performed with FuGENE 6 reagent (Roche) following the manufacturers instructions. The siRNA knockdown of MITF was performed with two independent and previously described sequences (Larribere et al., 2005; Carreira et al., 2006) . Transfection was performed using Lipofectamine 2000 (Invitrogen, La Jolla, CA, USA).
ChIP-sequencing
ChIP and ChIP-seq experiments were performed on chromatin from native 501Mel cells or the clone 8 cells according to standard protocols as previously described (Delacroix et al., 2010; Kobi et al., 2010) . Briefly, ChIP-seq was performed using an Illumina GAIIx sequencer (Illumina, San Diego, CA, USA) and the raw data analysed by the Illumina Eland pipeline V1.6 (Illumina). Peak detection was performed using the MACS software (http://liulab.dfci. harvard.edu/MACS/; Zhang et al., 2008) under settings, in which the HA-ChIP from untagged 501Mel cells was used as a negative control. Peaks were then annotated using GPAT (Krebs et al., 2008 ; http://bips.u-strasbg.fr/GPAT/Gpat_ home.html) using a window of ± 20 kb with respect to the coordinates of the beginning and the end of RefSeq transcripts. Further details are provided in the Supplementary Information.
RNA-sequencing
The 3 0 -end RNA sequencing was performed essentially as described in the digital gene expression protocol from Illumina. Duplicate RNA samples from siMITF or siLUC cells were prepared and a 3 0 -end tag from the polyA þ -containing fraction was isolated after generation of doublestranded complementary DNA and digestion with DpnII. Fragments were sequenced on the Illumina GAII platform and annotation was performed with the Ensembl tag table software (http://research.stowers-institute.org/microarray/ tag_tables/index.html). Data sets were normalised using the Bioconductor DEseq package. (http://www.bioconductor. org/packages/2.6/bioc/html/DESeq.html).
Immunofluorescence and confocal laser scanning Image acquisition and analysis were performed on the C3M MiCa Cell Imaging Facility (http://www.mica-bio.fr). Immunofluorescence on siMITF and siLUC cells was performed by standard procedures using the following antibodies: gH2AX (ab22551 Abcam, Cambridge, UK), HP1b (1A9), b-tubulin (2A2, Sigma, St Louis, MO, USA), histone H3 phospho-serine 10 (CS-116-100 Diagenode, Lie`ge, Belgium), CENPA (no. 07-574 Upstate, Millipore, Billerica, MA, USA). Immunofluorescence was visualised with Â 40 lens using a Zeiss Axiophot (Carl Zeiss, Go¨ttingen, Germany) microscope equipped with epifluorescence illumination.
Confocal optical sections of cells were obtained with a Zeiss LSM510Meta microscope (Carl Zeiss) using a X63 NA1.4 plan-apochromat oil immersion lens. Excitation of 4 0 -6-diamidino-2-phenylindole, fluorescein isothiocyanate and Texas Red was performed with diode (405 nm), argon (488 nm) and HeNe (543 nm) lasers. The parameters of the system were adjusted to avoid saturation. Image stacks were saved and processed for three-dimensional reconstruction with Volocity 5 software (PerkinElmer, Waltham, MA, USA). Each stack consisted of a series of between 22 and 30 sections taken with a step size of 380 nM.
Time lapse
Cells were filmed for different periods of time, in constant conditions of 5% CO 2 at 37 1C, and observed by phasecontrast optics using an Axiovert 200 microscope (Carl Zeiss) with shutter-controlled illumination (Carl Zeiss) and a cooled, digital CCD camera (Photometrics CoolSNAP HQ, Roper Scientific, Trenton, NJ, USA) using a Â 20 lens. Images were recorded at one frame per 20 min, and processed using NIH ImageJ version 1.43q analysis software (NIH, Bethesda, MD, USA) and QuickTime pro 5 software (Apple, Cupertino, CA, USA).
Further details of all experimental procedures are described in the Supplementary Information.
